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a b s t r a c t
Electron beam freeform fabrication is an additive manufacturing process that can be used to build fully
dense, structural metallic parts directly from a three-dimensional computer model. This technique can
replace conventional fabrication methods, such as forging or machining from plate, and enable signiﬁcant cost, time, and tool savings. Additionally, this method enables the fabrication of alloys with novel
compositions that are not well suited to production via ingot metallurgy processes. Ti–8Al–1Er is an
experimental dispersion strengthened titanium alloy composition that requires rapid cooling to achieve
optimal properties and thus is not amenable to ingot metallurgy production methods. Oxide dispersion
strengthened alloys, such as Ti–8Al–1Er are known to have excellent thermal stability and improved high
temperature properties.
In this work, the room temperature tensile, elevated temperature tensile, creep properties and oxidation resistance of electron beam additive manufactured Ti–6Al–4V and Ti–8Al–1Er were measured and
compared to those of laser beam additive manufactured Ti–8Al–1Er and wrought Ti–6Al–4V. Elevated
temperature tensile properties were measured between 93◦ and 538 ◦ C. Creep tests were performed
between 425◦ and 455 ◦ C at stresses between 345 and 483 MPa. It was found that the elevated temperature properties of the electron beam additive manufactured products are comparable to those of
wrought forms. The elevated temperature strengths of Ti–8Al–1Er are comparable to those of Ti–6Al–4V
in percentage of room temperature strength retained at temperature. Based on a Larson–Miller analysis
of the creep test data, the creep resistance of Ti–8Al–1Er is superior to that of Ti–6Al–4V, but inferior to
that of laser beam additive manufactured Ti–8Al–1Er. The inter-alloy improvement in creep resistance
increases with decreasing temperature and stress. The oxidation resistance of Ti–8Al–1Er is superior to
that of Ti–6Al–4V.
Published by Elsevier B.V.

1. Introduction
Electron beam additive manufacturing is a process that has been
developed for fabricating near-net shaped metallic parts [1–5].
This process uses a three-dimensional computer model to drive a
motion control system that additively deposits material in a stepwise, layered manner. A metal wire feedstock is fed into a molten
pool formed by an electron beam heat source creating a bead of
deposited material. Additional beads are deposited incrementally
until the entire 3D shape has been created. The end product is
a near-net shape part that can, with proper processing parameters, be fully dense and have mechanical properties similar or
equivalent to wrought or forged material [6–10]. If successfully
utilized, this process could decrease manufacturing costs through
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reduction of part count, elimination of machining steps, and
reduced raw material requirements.
In addition, electron beam additive manufacturing may enable
the production of unique alloys via in situ alloying enabled by
the rapid solidiﬁcation inherent to the process. Oxide dispersion
strengthened alloys, which beneﬁt from rapid solidiﬁcation are
well suited for additive manufacturing processes. A number of
these materials have been studied to evaluate the possibility of
increasing the operating temperature range of titanium alloys.
These studies found that elevated temperature tensile properties
and creep performance of the dispersion strengthened titanium
alloys were superior to those of conventional alloys [11,12]. In these
alloys, the requirements for effective dispersoids are: (a) stable at
elevated temperature, (b) incoherent with the matrix, (c) closely
spaced, (d) small (0.05–0.5 m), and (e) homogeneously distributed [11,13,14]. While additions of rare-earth elements such as
erbium to titanium alloys have been shown to develop the required
dispersion characteristics in rapidly solidiﬁed alloys, attempts
at incorporating these elements into slowly cooled conventional
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ingots have been unsuccessful, resulting in coarse particles with
poor dispersions [11,12,14]. The increased solidiﬁcation rates associated with laser-beam deposited titanium alloys has been shown
to develop rare-earth dispersions that meet the necessary requirements for improved elevated temperature performance [15–17].
In this work, a titanium alloy with a nominal composition of
8% aluminum, 1% erbium (Ti–8Al–1Er) was studied. The alloy was
deposited using an electron beam additive manufacturing process
and the resulting material was characterized using a series of elevated temperature test methods. The properties were compared to
those of laser-beam deposited Ti–8Al–1Er characterized in a previous study [16]. For comparison, specimen blanks of Ti–6Al–4V were
also prepared from electron beam deposited material and characterized using the same test methods. The results from this testing
were compared to those of wrought Ti–6Al–4V. This work allows
the comparison of material properties of conventional wrought
versus electron beam additive manufactured material.
The primary goal of this study was to determine how effectively
an electron beam deposition process could produce a product with
the ﬁne dispersoids necessary for high temperature performance.
This study also aimed to compare the property improvements
noted in previous work on rapidly solidiﬁed rare-earth containing titanium alloys to the properties of a product made by
electron beam deposition. Since the electron beam deposition
process fabricates net or near-net shape parts, no thermomechanical post-processing is required, thus avoiding any detrimental
microstructure changes. A secondary goal is to compare properties
of the electron beam additive manufactured Ti–8Al–1Er to those of
widely used commercial alloys.

2. Experimental
2.1. Material
The alloys used in this work were Ti–8Al–1Er, an experimental dispersion strengthened alpha titanium alloy, and Ti–6Al–4V.
The Ti–8Al–1Er composition was chosen in order to demonstrate
sufﬁciently rapid solidiﬁcation using the electron beam additive
manufacturing process such that a ﬁne, homogeneous dispersion
of oxide particles could be achieved. In Ti–8Al–1Er the aluminum
contributes to solid solution strengthening and ␣ phase stabilization while erbium reacts with residual oxygen during solidiﬁcation
to form Er2 O3 dispersoids. These dispersoids are useful for grain
size control and elevated temperature strength and creep improvement. The increase in beta transus temperature as a result of the
aluminum addition provides high temperature phase stability due
to the much slower coarsening kinetics provided by the hcp alpha
phase. Ti–6Al–4V is a standard ␣–␤ alloy in which both aluminum
and vanadium are used for solid solution strengthening.
Electron beam deposited Ti–8Al–1Er and Ti–6Al–4V materials were supplied for this study by Lockheed-Martin. Cylindrical
deposits were made using a Sciaky electron beam additive manufacturing system from which test specimens were extracted along
the build direction, parallel to the z-axis (Fig. 1). The original
deposits were approximately 150 mm in diameter with a wall
thickness of 25 mm and a ﬁnished height of 200 mm. Each layer was
created using an outward spiral pattern such that eight full revolutions around the z-axis were completed with each concentric spiral
overlapping the previous by approximately 33%. Upon completion
of each layer, the z-axis was incremented up 1 mm and indexed
back to the starting position. This process was repeated until 200
layers were deposited for a total build height of 200 mm. From
these deposits, cylindrical test blanks with a diameter of 16 mm
and length of 160 mm were extracted with the text axis parallel to
the z orientation in the deposit (see Fig. 1). The Ti–8Al–1Er blanks
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Fig. 1. Material deposition and specimen extraction schematic.

were annealed at 700 ◦ C for 2 h to provide stress relief and aid in
secondary precipitation of Er2 O3 dispersoids, then subsequently
air cooled. The Ti–6Al–4V blanks were given a heat treatment similar to a ␤ anneal, speciﬁcally 1010 ◦ C (␤ phase ﬁeld) for 35 min, air
cooled to room temperature, then 730 ◦ C for 2 h and then air cooled.
The bars were machined into cylindrical dogbone test specimens
with threaded ends and 6.3 mm diameter test sections.
A columnar grain structure with the long axis of the grains
parallel to the z-axis build direction is often observed in electron deposited parts. Fig. 2 shows this columnar structure in
the as-received Ti–6Al–4V part. In contrast, the Ti–8Al–1Er part
microstructure, shown in Fig. 3, showed no evidence of columnar grain structure, but rather a more equiaxed grain structure,
consisting of ␣ phase, with small amounts of lamellar ␣ phase
present. The grain size appears bi-modal in nature, with a mixture
of large and small grains. The lack of a columnar grain structure
indicates that the dispersoid particles are effective at disrupting the
grain structure evolution typically seen in additive manufactured
titanium alloys. While this microstructural change could have a
positive effect on static strength, it is likely to have a negative effect
on creep strength as elongated, columnar grains (parallel to the
loading direction) are preferred for creep resistant applications. A
higher magniﬁcation photograph of the Ti–6Al–4V microstructure
in Fig. 4 shows an acicular transformed beta morphology that is
typical of rapid cooling from the beta phase ﬁeld. The corresponding higher magniﬁcation micrograph of Ti–8Al–1Er in Fig. 5 shows
a mixture of equiaxed grains with lamellar ␣ plates on the order of
10–20 m thick emanating from grain boundaries.
Photographs taken in the SEM show the Er2 O3 dispersoids
in the Ti–8Al–1Er alloy in Fig. 6. The dispersoid radii are well
within the size range required for elevated temperature alloys. The
dispersoids are observed along grain boundaries and in parallel
strings indicative of formation along crystallographic planes. Previous characterization work showed that these dispersoids primarily
nucleate on basal planes [15,17,18].
Chemical composition of each alloy is shown in Table 1. In both
alloys the aluminum content is 10–16% less than that of the feedstock wire. A similar deﬁcit in erbium content is noted. This is
consistent with the loss of aluminum content due to vaporization that occurs during the electron beam additive manufacturing
process that has been documented in other aluminum-bearing
titanium alloys [19]. Composition values of interstitial elements, O,
N, C, and H, were made only for the Ti–8Al–1Er wire feedstock and
the subsequent electron deposited part. Chemical composition of
the Ti–8Al–1Er feed wire showed that the interstitial contents of the
wire and test specimens were the same, indicating that there was
no contamination of the metal during electron beam deposition.
Interstitial composition measurements were not made on electron
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Fig. 2. Microstructure of Ti–6Al–4V. (a) Note columnar grain structure normal to build direction. (b) Note acicular features and random grain shape parallel to the build
direction.

Fig. 3. Microstructure of electron beam deposited Ti–8Al–1Er showing equiaxed annealed grain structure. Note mixture of non-uniform sized large and small grains.
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Table 1
Material chemical compositions.
Alloy

wt% Al

wt% V

wt% Er

wt% O

wt% N

Ti–6Al–4V
Ti–8Al–1Er (E-beam deposited)
Ti–8Al–1Er (Laser deposited)

5.4
6.7
6.7

3.9
–
–

–
0.8
0.6

<0.18
0.140

<0.03
0.005

Fig. 4. Microstructure of electron beam deposited Ti–6Al–4V showing acicular
structure.

wt% C

wt% H

<0.05
0.012
Not measured

<0.015
0.0008

Fig. 5. Microstructure of electron beam deposited Ti–8Al–1Er.

beam deposited Ti–6Al–4V. However, based on the observations
that the interstitial compositions of feedstock and test specimens
of Ti–8Al–1Er were the same, the interstitial composition values in
Table 1 reﬂect the speciﬁcations in AMS 4954 for the weld wire used
in the fabrication process. Interstitial content of the laser deposited
Ti–8Al–1Er from [16] was not measured. Data from another reference studying laser deposited Ti–8Al–1Er from the same time
period indicated O, C, and N contents of 0.25, 0.05, and 0.15 wt%
respectively [15]. The mechanical testing and characterization performed is summarized in Table 2.
Fig. 6. SEM image of Ti–8Al–1Er microstructure. Note parallel strings of Er2 O3 dispersoids indicative of formation along basal planes and dispersoids along grain
boundaries.

2.2. Elevated temperature tensile testing
Since this study was an exploratory testing survey, only a single
specimen was tested at each temperature. Each specimen was held
at temperature for 10–15 min before beginning the test.
Heat was applied to the specimen through the use of two sets of
quartz lamp heaters placed approximately 9.5 mm on either side
of the specimen. Each heater contained four lamps individually
controlled by its own temperature controller. Four thermocouples
were spot welded to each specimen to act as feedback for the controllers. The width of each quartz lamp ﬁxture was approximately
51 mm. Therefore, the center 25 mm of the gage length was the
only portion of the specimen held at the speciﬁed test temperature. A 12.7 mm gage length elevated temperature extensometer

with ceramic rods was used to measure strain. All tests were run in
stroke control at a rate of 0.0254 mm/s.
2.3. Creep testing
Thirteen creep tests were performed, seven for Ti–8Al–1Er
material and six for Ti–6Al–4V. The test matrix was designed to
characterize both the stress and temperature dependence for each
material. Tests were performed at a constant stress of 483 MPa at
temperatures of 425, 445, and 455 ◦ C in order to determine the
activation energies and Larson–Miller parameters. Additional tests
were performed at a single temperature (445 ◦ C) over a stress range

Table 2
Mechanical testing and characterization summary.
Test

Temperatures (◦ C)

Output

ASTM
standards used

Tensile

23

E8

Elevated temperature tensile
Creep

93, 204, 260, 427, 538
425, 445, 455

Post-creep tensile
Oxidation resistance

23
600, 700, 800

Yield strength, ultimate tensile strength,
elongation
Yield strength, tensile strength, reduction of area
Larson–Miller parameters, creep activation energy,
power law creep exponents
Yield strength, tensile strength, reduction of area
Activation energy, parabolic rate constant

Number of
samples
4

E21
E139

12
13

E8

8
18

16
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Table 3
Room temperature tensile property comparison.

Yield strength (MPa)
UTS (MPa)
Elongation (%)

Ti–6Al–4V (E-beam)

Ti–8Al–1Er (E-beam)

Ti–8Al–1Er (Laser) [16]

Ti–6Al–4V (Mill
anneal) [22,23]

Ti–6Al–4V (␤
anneal) [22,23]

859
907
Not recorded

777
832
19

Failed prior to yield
970
0.1

830–924
900–993
10–15

770–910
860–990
11

of 414–483 MPa in order to determine the stress dependence, characterized with a power law exponent. Twelve of the thirteen tests
were conducted at a single constant stress. The thirteenth test was
conducted with a Ti–8Al–1Er specimen using a method of step
changes in stress at a single temperature (445 ◦ C). In this test the
initial stress was 483 MPa. The stress was decreased in steps of
34.5 MPa to 414 MPa and subsequently increased back to 483 MPa
in reverse manner. The magnitude of creep strain during each step
was between 0.5 and 1.0%. This procedure was followed two times
to test for history effects. All tests were stopped at creep strains
between 6.5 and 10%. Several of the specimens were then tension tested at room temperature to measure the post-creep tensile
properties.

2.4. Oxidation resistance
The oxidation resistance kinetics were measured at temperatures of 600, 700, and 800 ◦ C using specimens approximately
10 mm × 10 mm × 5 mm in size. The specimens were wet ground
with 320, 400, and 600 grit SiC paper to ensure a uniform surface.
This was followed by ultrasonic cleaning in hot ethyl alcohol. Specimen dimensions and weights were measured prior to elevated
temperature exposure. The specimens were held at temperature
for 2, 10, 25, 50, and 100 h on ceramic plates in furnaces containing
a lab air atmosphere. After removal from the furnace, the specimens were weighed. The difference between the initial and ﬁnal
weights was attributed to oxygen uptake. Three specimens per condition (temperature/time) were measured. The mass gained per
unit exposed area was plotted as a function of time and ﬁt to a
parabolic diffusion model to determine the parabolic rate constants
at each temperature. The parabolic rate constants were plotted
versus 1/T. When multiplied by the universal gas constant, R, the
slopes of these latter curves yielded the oxidation activation energies [20,21].

3. Results
3.1. Room temperature tensile results
Room temperature tensile test results are shown in Table 3 along
with comparable data found in the literature from conventional
sources. The Ti–8Al–1Er properties are also compared to a laser
beam deposited product from a previous study [16].
Strength properties for the Ti–6Al–4V product are within the
published range. The static strengths of the Ti–8Al–1Er product
are signiﬁcantly lower than for the laser deposited product from
the previous study. The bead deposit size for the laser deposited
product was signiﬁcantly less than that for the electron beam
deposited product. This likely led to a much faster cooling rate.
This is supported by the observed acicular microstructure observed
in the case of the laser deposited product versus the equiaxed,
annealed microstructure observed in the electron beam deposited
product. It is also possible that increased interstitial content in the
laser deposited material is a signiﬁcant contributor to the observed
strength differences. The strength differences between the electron beam and laser beam deposited material are consistent with
reasonably expected differences in interstitial content.

3.2. Elevated temperature tensile results
Elevated temperature tensile results are shown in Figs. 7–9.
Comparison is made to wrought Ti–6Al–4V (handbook and supplier data) and laser deposited Ti–8Al–1Er. Fig. 7 shows yield and
ultimate tensile strength as a function of temperature. The electron beam additive manufactured and wrought forms of Ti–6Al–4V
exhibit comparable response over the entire temperature range
tested. The strengths of electron beam deposited Ti–8Al–1Er are
40–80 MPa less than those of the Ti–6Al–4V and 150–200 MPa less
than laser deposited Ti–8Al–1Er. This is likely due to the significant difference in microstructure, thermal history and possible

Fig. 7. Elevated temperature tensile test results as a function of temperature (a) yield strength and (b) ultimate tensile strength. Comparison of electron beam deposited
properties to wrought and laser deposited.

R.W. Bush, C.A. Brice / Materials Science and Engineering A 554 (2012) 12–21

17

Fig. 8. Percent retained strength as a function of temperature (a) yield strength and (b) ultimate tensile strength. Comparison of electron beam deposited properties to
wrought and laser deposited.

interstitial content between the laser deposited and electron beam
additive manufactured products.
Fig. 8 shows the results in terms of percentage of room temperature strength. In this case, both alloys exhibit a similar response
to increasing temperature and losing strength at the same rate.
The laser deposited material shows superior response and losing
strength at a lower rate.
The ductility results in Fig. 9 are shown in terms of reduction
of area rather than elongation. Standard elongation data assumes
a gage length of 50.8 mm. Since the gage lengths of the specimens
used in this study were on the order of 13 mm, comparison of elongation results with handbook data is inappropriate. It is observed
that the Ti–6Al–4V material exhibits 10–30% greater reduction of
area than the Ti–8Al–1Er material. Overall, both materials show
adequate ductility.
3.3. Creep results
Creep testing was conducted prior to elevated temperature tensile testing. Creep test parameters were chosen based on results

Fig. 9. Reduction of area as a function of temperature. Comparison of electron beam
deposited products.

Fig. 10. Creep strain–time curves as a function of temperature (stress: 483 MPa).

Fig. 11. Determination of creep activation energy at 483 MPa.
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Fig. 12. Creep strain–time curves as a function of stress (temperature: 445 ◦ C).

from previously tested laser deposited Ti–8Al–1Er [16]. Due to the
lower-than-anticipated strength of the electron beam deposited
erbium containing alloy, all creep tests for this alloy were conducted at stresses near or above its elevated temperature yield
stress.
Sample creep strain versus time curves, as a function of temperature and at a constant stress of 483 MPa, are shown in Fig. 10.
An increase in temperature from 425 to 455 ◦ C decreases the time
to a given creep strain by a factor of 11–13. The time required to
achieve a given creep strain is 3–4 times greater for Ti–8Al–1Er than
for Ti–6Al–4V. Plotting the minimum creep displacement rate for
each curve, as a function of 1/T, Fig. 11, allows calculation of the
activation energy for both alloys. The activation energies are 370
and 333 kJ/mol for Ti–6Al–4V and Ti–8Al–1Er respectively. A statistical analysis of the uncertainty in the activation energies yielded
values between 10 and 20% of the activation energies themselves.
Thus, the difference between 370 and 333 kJ/mol is statistically
insigniﬁcant. Work by Koppers shows that the activation energy
for self-diffusion in high purity ␣-Ti is 303 kJ/mol [24], which is
on the order of that determined in this work. This would indicate
dislocation climb as the primary creep mechanism.

Fig. 14. Arrhenius plot used to determine power law exponents.

Sample creep strain versus time curves, as a function of stress
and at a constant temperature of 445 ◦ C, are shown in Fig. 12.
These curves show that Ti–8Al–1Er exhibits a greater sensitivity
to applied stress than Ti–6Al–4V. A decrease in stress from 483 to
448 MPa, results in an increase in time to a given strain by factors
of 1.5 and 2.7 for Ti–6Al–4V and Ti–8Al–1Er respectively. Note that
at the lower stress of 448 MPa, the time to a given creep strain
is at least 10 times greater for the erbium containing alloy than
Ti–6Al–4V.
Larson–Miller parameters (time–temperature parameters used
to predict extended-time creep lives from short-time tests) are
shown in Fig. 13. As expected, the plot indicates that the
Larson–Miller parameter increases with increasing creep strain and
decreasing stress. The data also implies a greater stress sensitivity
for the Ti–8Al–1Er alloy than the Ti–6Al–4V. At lower stresses, the
creep life of the erbium containing alloy increases much faster than
for Ti–6Al–4V.
Fig. 14 shows the relationship between minimum true creep
strain rates and true stress at 445 ◦ C. This data can be used to compute power law creep exponents, assuming that the creep strain
rate is proportional to  m , where  is the true creep stress and m is
the power law exponent. Typical power law exponents for metals
range from 3 to 8. Exponents for dispersion strengthened metals
are often greater than 10 [38–41]. The behavior of the two alloys
tested is consistent with these observations, as the exponents are
7.4 and 14.7 for Ti–6Al–4V and Ti–8Al–1Er respectively.
Creep stability, as measured by the change in tensile properties
between as-received and post-creep tested material, is shown in
Table 4. For both alloys, the yield strength increases by an average
of 150 MPa, the ultimate tensile strength increases by an average
of 110 MPa, and the reduction of area decreases by about 20%.
The results are independent of time at temperature and weakly
dependent on applied stress. These trends are consistent with data
for Ti–6Al–4V in Boyer [25], which shows that tensile strength
increases and ductility decreases during the long-term elevated
temperature exposures and stresses imposed during creep testing.
The magnitudes of the yield strength and reduction of area changes
in this study are greater than those reported by Boyer.
3.4. Fractography

Fig. 13. Larson–Miller parameters (PLM ) as a function of creep strain, stress, and
alloy.

Fractography of tested tensile specimens revealed fracture surfaces characterized by dimpled rupture in both alloys. Sample
fracture surfaces are shown in Fig. 15.
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Table 4
Tensile properties prior to and post-creep exposure.
Ti–6Al–4V (E-beam deposited)

Ti–8Al–1Er (E-beam deposited)

As-received

Post-creep

As-received

Post-creep

Yield strength (MPa)

859

777

UTS (MPa)
Reduction of area (%)

907
47

971–1023
Mean – 995
991–1037Mean – 1018
28

895–980
Mean – 934
991–997Mean – 949
10

832
28

Fig. 15. Typical fracture surfaces of tested tensile specimens. (a) Ti–8Al–1Er and (b) Ti–6Al–4V both alloys exhibit ductile, dimpled fracture features.

Fig. 16. Mass gain/unit area as a function of time (a) 600 ◦ C, (b) 700 ◦ C, (c) 800 ◦ C, and (d) oxidation activation energy determination.
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3.5. Oxidation resistance
Weight gain versus time plots at temperatures of 600, 700, and
800 ◦ C for both alloys are presented in Figs. 16(a–c). Parabolic curve
ﬁt trend lines for each data set are also shown. The linear coefﬁcients of the trend line ﬁts for weight gain squared versus time
at temperature were then used to compute apparent activation
energies. The Arrhenius plot for apparent activation energy determination is shown in Fig. 16d. This shows activation energies of
277 and 284 kJ/mol for Ti–6Al–4V and Ti–8Al–1Er respectively. The
differences in these values are not statistically signiﬁcant.
These results show that the oxidation kinetics for Ti–8Al–1Er
are signiﬁcantly less than for Ti–6Al–4V. However, the activation energies indicate that the same mechanism is operating in
both alloys. Oxidation activation energies reported in the literature for Ti–6Al–4V and ␣-titanium with and without dispersoids
range from 60 to 300 kJ/mol [20,21,26–29]. The activation energies
reported in this study are in the upper region of this range.

4. Discussion
Commercial elevated temperature titanium alloy development
is a complex process that balances chemical composition, heat
treatment, and processing to obtain microstructures with a given
set of properties that include elevated temperature tensile, creep,
oxidation resistance, fatigue and fatigue crack growth resistance
and fracture toughness [30–33]. Only a subset of these properties
are addressed in this study. In addition, no attempt was made in
this study to optimize alloy chemistry, electron beam deposition
parameters, or heat treatment.
The primary goal was to determine if the electron beam additive manufactured process would result in titanium material with
acceptable mechanical properties. In the case of Ti–6Al–4V, acceptable properties are those of the traditional ingot based wrought
material. All the properties generated in this study for this product
are comparable to those published for wrought Ti–6Al–4V, thus
indicating that the electron beam additive manufacturing method
could be an acceptable fabrication route for Ti–6Al–4V parts. However, more work must be done to ensure that the process produces
parts with reproducible and consistent properties.
For the Ti–8Al–1Er alloy composition, the goals are signiﬁcantly
different. Much of the previous work done on rare-earth containing
titanium alloys have used rapid solidiﬁcation process routes, such
as gas atomization or splat quenching, in order to obtain the ﬁne
dispersion sizes necessary for these alloys to be effective. One of the
problems encountered in this work was avoiding excessive dispersoid particle coarsening that often occurs during the consolidation
and forging operations necessary for creating functional parts out
of the rapidly solidiﬁed material. The primary goal of this study
is to determine how effectively an electron beam additive manufacturing process could produce a fully-dense product with the
ﬁne dispersoids necessary for high temperature performance. This
study also aimed to compare property improvement trends noted
in previous work on rapidly solidiﬁed rare-earth containing titanium alloys to the properties of a product made by electron beam
deposition. Since the electron beam deposition process fabricates
net or near-net shape parts, no thermomechanical post-processing
is required, thus avoiding any detrimental microstructure changes.
Previous work on rare-earth dispersoid containing titanium
alloys showed that creep resistance, strength, fatigue resistance,
and oxidation resistance are improved [11–14,34–37]. Proposed
mechanisms for the improvements include microstructural control due to dispersoid presence and dislocation pinning. The results
of this study and that in [16] dealing with laser-deposited material
support the previous work. The properties measured in [16] most

closely approximate those measured in previous work that utilized
rapid solidiﬁcation fabrication techniques. In particular, the room
temperature and elevated temperature tensile properties and creep
resistance of the laser deposited product were greater than those
of the electron beam deposited product. This indicates that differences in thermal processing history and microstructure between
material fabricated in laser and electron beam deposition processes
are signiﬁcant. Of particular importance is the relative size of the
molten pool in the two processes and the effect this has on the
solidiﬁcation rate and the resulting dispersoid distribution. Process
parameter–microstructure–property interactions should be studied to optimize the property sets of interest. It should also be noted
that differences in interstitial content could be a signiﬁcant contributor to the strength differences.
A secondary goal is to compare properties of the electron
beam additive manufactured Ti–8Al–1Er to those of widely used
commercial alloys. Results show that the creep and oxidation resistances of electron beam additive manufactured Ti–8Al–1Er are
superior to that of Ti–6Al–4V, but that the tensile properties are
slightly lower. The work on laser-deposited Ti–8Al–1Er suggests
that control of process parameters may be able to address this issue.
Although, not speciﬁcally addressed in this paper, it is worth noting
that the elevated temperature properties of both laser-deposited
and electron beam deposited rare-earth modiﬁed titanium alloys
are no better than existing high-temperature titanium alloys, such
as Ti-6242S or IMI834. However, optimization of the rare-earth
alloy composition and the operating parameters of electron beam
additive manufacturing processes could produce material with
exceptional properties exceeding those of established conventional
alloys. The use of rare-earth modiﬁed titanium alloys may provide
an alternate route to high temperature performance or provide
a means to enhance alloys already in existence. Electron beam
additive manufacturing provides a possible alternative to rapid
solidiﬁcation methods to utilize this rare-earth modiﬁed technology.

5. Summary
Based on the test data generated in this study the following
conclusions are justiﬁed:
(a) Elevated temperature properties of electron beam deposited
Ti–6Al–4V are comparable to those of the wrought form. Thus,
electron beam additive manufacturing could be a viable fabrication process for titanium parts.
(b) Elevated and room tensile temperature properties of electron
beam formed, dispersion strengthened Ti–8Al–1Er are comparable to electron beam formed Ti–6Al–4V and inferior to a
previous lot of laser beam deposited material.
(c) Creep and oxidation resistances of the dispersion strengthened
alloy are signiﬁcantly better than a conventional ␣–␤ alloy.
(d) The electron beam deposition process enables successful fabrication of rare-earth dispersion strengthened titanium alloys.
This opens up a fabrication route that can be used to create new
elevated temperature resistant titanium alloys or a method to
improve alloys already in existence.
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